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Abstract

An annnonia arcjet capable of throttling be-
tween 3 Lo 10 kW and producing a specific hin-
pulse of 600 s is required for the SSTAR flight
expoerimoent. porformed to evalu-
ate the performance of two nozzle configara-

tions on annnomia arcjel performaunce over this
Once of the objectives of these
1o quantify the cfleet simall nozzle
The
constrictor engine (2.54 mm diamcter) pro-
duced a specific iinpulse of about 6H0 s over
the range of 3 to 10 kW at a specific power of
60 k3 /g exceeding the 500 600 s
for the SSTAR flight experiment.

power range.
tests wa
changes have on perforimance,

maller
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Introduction

Flectric Orbit “Transfer Velicles (EOTV’s) pro
pelled arcjets have the potential to provide greater
laumch vehicle flexibility, increase payload capability
and prolong, on-orbit time for comunercial and mil-
ary satelhites. The Air Force in cooperation with
TRW is now defimng, the STAR, Space ‘Track and Au-
tomanous Repositioning (formerly ELITE), a flight
test desigued to demonstrate critical technologics ye-
quired for an operational FO'T'V, including, the are-
Jel propulsion subsystemn, large solar arrays and au-

tonomous guidance, navigation and control in an in-
tepgrated system. The 1800 kg spacecraft, currently
scheduled for launch in 1997, will be boosted into an
initial orbit at 370 kin. An anmnonia arcjet will then
raisc the spaceeraft to a final altitude of 3900 kin,
where system degradation in the Van Allen radia
tion belts will be studied. T'he clectric power for the
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propulsion subsysteimn will be provided by solar arrays
with a beginning-of-life power of 10 kWe; however, so
lar array degradation in the Van Allen environment
could result in an end-of life power of 3 4 kWe. This
wission will require a specific impulse greater thau
500 600 s at an cflicicuey of more than 0.30 and a
minitwm engine lifetinme of 1000 hours with the cpaa-
bility for 700 on/oft’ cycles, (dictated by the occur-
rence of an eclipse once cach orbit as the spacecraft
cnters the Farth’s shadow). Fach cyce will there.
fore consist of about 60 minutes of engine operation
followed by 30 minutes with the engine off.

A candidate engine for this flight test is the 30 k We-
class arcjet that has been tested extensively at the
Jet Propulsion Laboratory (JPL) [1] and is being fur-
ther developed by the Rocket Rescarch Corporation
(RRC) [2). In addition, this engine is part of the
Fud-to Fud test being conducted at Air Foree Philips
Laboratory and at JP1 [3]. This test ulilizes the
TRW Solar Array Siinulator (SAS), the NASA lewis
Rescarch Center (LeRC) Power Conditioning Unit
(PCU) [?] and the IPL arcjet. Throtiling capability
of the baseline engine design [4] to power levels helow
10 kWe was demonstrated in an earlier program [5) A
modificd design oftering, higher performance was de-
veloped recently at the Rocket Rescarch Corporation
(RRC)Y [2]. Because the arcjel performance require-
ments for STAR arc relatively modest, the focus of
the recent IPL program has been on establishing, the
required lifetiime. A total of 1462 hours of operation
with minnnal electrode erosion was achieved in an
endurance test of the modified design in continuous
operation at 10 kWe [6]). In a subsequent test, 707
eycles (total of 701.8 hours of operation) weie con-
pleted before the test was terminated by a series of
external ares [7]. The operating conditions for both




tests were the same. A power level of 10 kWe was
chiosen for both tests because it represents the most
demanding condition that is likely to be encountered
in the STAR mission. An ammonia mass flow rate of
().17() g/s wasusedto yield aspecific inpulse exceed-
g, GO0 &,

The objective of the series of tests describedin this
paper was to demonstlrate adequate performance ove
the entire throttling ravige while making, minimal de
sten chianiges. Smdl geometrice clanges were ¢l 1osen
80 as to 1elain as much traceability of the previously
demonstrated thruster lifetime information as possi-
ble. The modificat jons tested to dale consist of two
constrictor diameters and two elect rode gaps.

Fxperimental Apparatus

The engines used in these tests are modified ver-
sions of the 1D-11 30 kWe-class design [4], with differ-
ent constrictor and nozele geometries. A schicmatic
of the thruster is shown in Fig. (1). The constrictor
of the first engine was 3.81nnn ((0.15(0) in) indiameter
and had a lenigihi-to diaineter ratio of unity, and the
constrictor for the second engine is 2.54nmn (0.100 in)
in diamcter with a length-to diameter ratio of unity.
IHlustrations of both geometries are shownin Fig. (2).
Both conical nozzles have a 19° hall-angle and an ex-
pansionratio of 40. The cathode axial position was
s et by firstinscrling the cathode into the thruster
until the conical tip contacted the constrictor inlet,
then retracting it by either 6.210 1 (0.240 in) or
2.03 o (0.080 in). A 7° lapped joint scals between
the pure tungsten nozele picce and the molyhd enum
body picee. All other seals inthe rear of the engine
are accomplished by compressing grafoil gaskets. The
nozzle andbody are plasina s])ray-coated withZrll,,
which is intended to increase the surface emittance
to provide better radiative cooling,.

The arcjel was mounted on a th ust stand n a
stainless steel vacuum facility with al | internal diam
cler of 1.2 mand a centerline length of 2.7, I'hie
iilc.jet exhaust was collected by a water-coc)]cd dif
fuser 16 e in diameter and pumped by a 6320 liter /s
Roots blower backedby a 610 lit ¢t /s Roots blower
anda 140 liter/s Stokes mechaniical punmp. The sys
tem is capable of achieving a vacuuiy of approxi-
mately 0.27 Pa with no propellant flow, and a pres
sure of 4.7tob. 114 for thie testflow rate of 0.170 g/s,

The exbiaust was dischiarged to atmosphiere through
a dilution stack.

The arcjet was powered by a Linde PHC- 401 arc-
welding powersupply, which canprovide 400" A at o
load volt age of 215 V continuously or b0 A at180V
with a 50 percent duty cyele and a balla st resistance
of (0.3 Q. The power supply currentripple with this
hallast resistance is approxitnately 31 percent peak-
to peak at 10 kWe. The ballast resistance could be
vaticd from 0.3 to 2.1 §2. The current ripple could be
reduced by inercasing, the hallast resistance so that a
more suitable load on the are- welding power supply
couldbe maintained. 111 addition, a 1.8 Q resiston
could be added i paralicl to the arcjet to increasc
the currentload 011 the power supply. T'hiese miod-
ifications allowed for arcjet current levels felow the
operational lints of the power supply.  Starting is
achievedusing a custom built pulse circuit described
i Ref. [7].

A diagram of the propellant feed systenn is shown
inig. (3). The atmmnonia is stored in a tank located
outside the building and delivered tothe thruster
throughstainless st cel lines. 'The anmonia flow iay
be switched from the large tanik to a bottle mounted
on a digi tal scale, which allows gravimetric calib ra
tion of the mass flow rate during the endurance test.
Two pressure regulatorsin series maintain aconstant
pressure upstreais of a micrometer valve which is
used to reg ulate the flow rate. The flow rate can
beregulated within:t ().001 g/s of the desired value
by the systemand is monitoredwitha Sierra Instru-
ments Side-Trak Model 830 flow meter and a Micro
motion Model D6 flow meterlocated upstreamn of the
metering valve. A bypass circuit allows the flow e
tersto be isolated tocheck for zero drifts during, the
test. The propellant pas passes through a plenum
bottle 011 top of the tank bhefore entering the cham
ber through a flange at the top. 1t then flows through
thc thr ust balance and enters the engine through the
cathiode feedthrough at therear.

THe thruster voltage , current, thrust, propellant
1ass flow rate, tank pressure, plenum pressure, feed
systein pressures, arcjel temperature, and various fa -
cility temperatures are continuously monitored with
a Macintosh computer system utihzing LabView sofl-
ware, Thie system allows unattended operation, shut-
ting down the facility when specified engine ot facility
paramcters exceed upper or lower bounds or when a
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Iigure 2: Nozzle geometries
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Figure 3: Arcjet propellant feed systemn.

computer failure occurs. The system also executes
the automatic arcjet start and stop sequences, and
controls the cyele timing,.

The arcjet voltage is measured diflerentially with
leads mounted near the cathode and the anode
feedthroughs in a flange on the side of the vacuum
tank.  When corrected for the resistance between
the measurement point and the engine, the measured
values arce accurate within 0.2 percent. The cur-
rent s determined by measuring the voltage drop
across a 505.6 pQ coaxial shunt with an accuracy
of :10.10 percent. A variable:capacitance type trans
ducer mounted in a flange on the top of the tank is
used to determine the tank pressure. T'his gange has a
rauge of 0 1.333 kPa and is capable of measuring, the
pressure to within =1 0.5 percent. The pressure mea
sured at the tank inlet is referred to as the “plenun
pressure” and is approximately equal to the pressure
in the arcjet discharge chamber. The thrust is de-
termined by measuring the deflection of an inverted
penduluin on which the engine is mounted with
lincar variable differential transducer VD). Thi
thrust stand is based on the NASA Lewis Rescarch
Center design described in Ref. (8], The asscinbly
housing the LVDT and the inverted pendulum are
enclosed in a water-cooled jacket 1o minimize ther

a
s

mal shifts, and an active motion damping system is
used to minimize transient thrust stand motion. A
sct of known weights is used to calibrate the thrust
stand in situ, and tests of the calibration indicate
that the standard error of the measurcinent is ap-
proximately 41 g. This uncertainty arises primarily
because of slight hysteresis in the thrust stand mo
tion and slight drift with time. The mass flow meters
were calibrated gravimetrically, applyiug corrections
for any zero shifts [9)].

Throttling Tests of the Large Constrictor
Fngine Design

Two scts of tests were performed over a range of
flow rates and power levels from 12 kWe to the low-
est achicvable power level. The first set of tests was
to identily the operational range of the engine and
to evaluate differences between the thrust stand de-
signs Initial tests were perforined with cantilevered
beam thrust stand design (JPL design) [10]. These
tests were then repeated with the new thrust bal-
The resulting voltage-current characteristics
arc shown in Pig. (4) and the measured thrust as
a function of power is shown in Fig. (5). The voltage
and current measurements have standard crrors that
are smaller than the symbols in the plots, and the

ance.
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thrust mecasurements perforimed with the new thrust
stand have an uncertainty of about one gr amn.  The
thrust measured with the older thrust balance has an
uncertainly of about 4 grams.

In these figures the data obtained from both thy ust
st ands is shown for comparison. Inaddition, the four
data points measured at 10 kWe by RRC are dis
played in Fig. (5). Slight differences inthe voltage-
current characteristics were measured for the tests
performed on the two thrust stands, although the
thrust measurements agree quite well.

The cause of thediflerences i the voltage-current
measurcinents has not yet been determined. 10 may
reflect slight engine wear that occurred during e
testing, an effect associated with the new thrust stand
or the insulator redesign, or imherent variability in
engine operation.  Also, afterthese tests were per-
formed, a small current (().1 to 1 A depending on
the water temperature aud the contaminate corcen-
tration) was discovered in t he water cooling loop for
the thrust stand power tubes. The current was due
to contaminates in the water. Since the concentra-
tion of the contaminates changed over tiine, the ex-
acl current correction for cach test condition can not
be specified. The thrust values from tests at Rocket
Rescarch are ingeneral slightly lower thanthe values
measured at J L. To determine if these discrepan-
cies were due to an error inthe mass flow rate mea-
sured with the Sierra mass flow meter , an extensive
series of calibrations were performed. The mass lost
fromn a bottle of ammonia was monitored as a fune-
tion of time at a fixed indicated flow rate to deter-
mine the true flow rate. Theresults of thesemcasure-
mentswere compared with shmilar measurements per-
forined during the 1ast two years and with rotamcter
calibrations at a NIST traceable calibration labora-
tory. Theresults of all tests agree well, providing con-
fidence that the mcasured flow rates are correct and
that no shift in the calibration has occurred during
the throttling tests. In addition, a Micrototion inass
flow 1icter was added to the flow systemn before the
throttling tests with the new thrust sta nd. This pro
vides a direct comparison with the RRC flow rates,
which were nicasured with the same model flowieter
This instrument wrrs also calibrated gravimetrically.
The flow rates indicated by the Micromotion iniass
flow meterare slightly higher than those given by
the Sierra meter and the gravimetric mcasurements.

This may account for the diflerences noted between
the J Pl and Rocket Rescarch thrust mecasurcinents.
The thrustmcasured by Rocket Rescarch at (. 170 ¢/s
i s slightly higher thaiy the thrust they measured at
0.200 g/s for the same power level, which gencrally
docsnot occur. The flow rate mmcasurement uncer-
tainty might be suflicient to explain this discrepancy.

Thesecond series of tests was performed following,
the 707 cycle test [7], withthe same engine to inves-
tigate therepeatability of the performance of a given
geometry, and to investigate lower power levels and
propellant flow rates, The variable ballast resistor
and a variable shunt resistor were added to the facil-
ity to enable lower power operation. The additi onal
resistors providedsuflicient additional “load” for the
Linde power supply to opcerate properly.

Thic engine performance is sunmnarized in Figures
( 6 ) through (10). These values are based on the
measurements perforined with the inverted pendulum
thrust stand and the Sierra inass flow mcasureinents
corrected for zero drift. The “1.eRCTS” data from
Ig. (4) and Fig. (b) are shown as “old data” in these
figures.

Pigure 6: Voltage vs current, 3.8 diamecter cor 1-
strictor, 6.10 nin gap».

Thie results show that the perforiance of a given
(‘Ilf’,ill(' can be rc]:(-.at('d. Also, these ncasurciments
demonstrate that at specific powers greater than
about 35 kJ /g this design is capable of sufliciently



Figure 7: Thrust vs power, 3.81 mm diancter con-  Figure 9: Specific impulse vs specific power, 3.81 mmn
st.rictor, 6.10 nungap. diameter constrictor, 6.10 nn gap.

Figure &: Specific impulse vs power, 3,81 mim diamn- Pigure 10: Efliciency vs specific impulse, 3.81 1um
cter constrictor, 6.10 nmgap. diameter constric tor, 6.10 mm gap.
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high perfonmance to satisfy the STAR mission re-
quirements. However stable operat ion below 4 kW
was not demonstrat cd.

lnearlier throtthng tests with the 30 kW class en-
gincit was observed that operation could be extended
to lower power levels by decreasing the elect rode gap
[6). ‘1’0 determine if the operating range of the large
constrictor engine design could be similarly extended,
tests were performed withan electrode gay of 2.03
mim (().()80 inchies). Undet these conditions operation
demonstrated to as low as 2.5 kWe. This ox-
tenided range of reliable operation was accompanied
by a slight performance penalty. The results of these
tests are shownin Figures (1 1) through (1 5).

w a s

igure 11: Voltage vs current, 3.81 nun diameter con-
strictor, 2.03 nnn &ap.

Preliminary Tests of an Engine with a
Smaller Constrictor

To determine if small changes in the constrictor
geomelry cau yield improvemnents in the engine per-
formance al low power levels, testing of an engine
with a 2.54 1 (0.100 inch) diameter constrictor has
begun. A short gap (2.03 nun (0.080 in)), which gen-
crally allows easier starls, was chiosen to nnimize
the risk of damaging the engine during initial start
tests. In fact, good starts were achieved using the
same start procedure as with the large constrictor
engine. At 0170 g/s and 12 kWe the ¢jection of

Figure 12: Thrust vs power, 3.811mn diameter cor 1-

strictor, 2.03 1 gap.

Pigure 13: Specificimpulse vs power, 3,81 nnn diam
cler coustrictor, 2.03 nn £2Pp.
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Figure 14:  Specific nmpulse vs specific power,
3.81 nun diameter constrictor, 2.03 wim gap.

Figure 15 BEflicieney vs specific impulse, 3.81
diameter cons trictor, 2.03 namn gap.

some molten material from the nozzle was observed,
so high specific powers were avoided in subseguent
tests. This behavior suggests that this desigh may
not tolerate high thermal loads as well as the nozzle
with thie larger constrictor. T'his engine was capa
ble of operating, at 2 kWe with flow rates of 44 aud
54 mp/s for only about 10 to 15 minutes. This hn
ited operating time judicates that the engine is only
marg inally operational at 2 kW and that the arc is
probably extinguishing due to engine cooling (‘Tests
are startedat a higher power level and then the p ower
IS red uced to the low levels). Thie results are shown
in Figures (16) through (20).

Both the specific innpulse and the efticiency of the
engine were improved by reducing the constrictor di
ameter.  Further, this design is capable of a spe
cific himpulse of about 650 s over the ran ge of 3 to
10 kW at a specific power of about 60 kJ /g (Both
of the long quration tests were performed at this spe-
cific power) [6} [7]. The engine ¢jected some molten
mat erial during start up with a large clectrode gap
(6.10 i ((1.240 in)) and operated unstably., Tests
using an clectrode gap of 4. 06 mm (0.160 in) arc cur-
rently being performed.

Pig ure 16: Voltage vs current, 2.54 i diameter con-
strictor, 2.03 nun gap.

Conclusions

i throttling, tests of the engine developed initially
for 26 kW operation was demonstrated for a range

9
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Figure 1 i Thrustvs power, 2.54 nun diamcter con - Figure 19:  Specific impulse v s specific power,
st rictor, 2,03 1mn gap. 2510 mm diameter constrictor, 2.03 nin gap.

Figure 18: Specific impulse ve power , 254111111 dimnn PFigure 20: ¥ fliciency vs specific impulse, 2.54 nn
cter constrictor, 2.03 nin pap. diamcter constrictor , 2.03 i gap.

10




(//i/ Ay
e (NQO/ (\‘:011811‘&:10},\()./()80”\ pap

140y—
[1
13040 * 0
W © G 1 [t
120 - o o A A
%)D [ ; )
2 110- X o }*i())w ;;\a;c (mg/fs)
> | O o) A 1 58
<1 x O 110
1 ¥ K 87
) - X o4
4 54
m 44
80;« YOI T TN TIORGOS O Od Ty v I'[‘ilvf‘v!"i""T"T"I-rrr
20 40 ] 80 100 10
. Cunient (A)
F [4 / ;
120 oy e e e
| .
100-] [t A
1 A
A
80~ (4
N/ o o Flow Rate (mg/s)
té R o) [1 182
! ’ 'S A 158
'¢) W o 110
Mooy, X Mo 87
40 - :( o x 04
4+ 54
b m 44
7[) T v r vy Yy Yy YV YT Y YYN YA YNy gV PN Ty
. 4 6 8 1o ?

Power (kW)

PR




04 00" f()])(ﬂ1‘1'(tf(')r,/().()(\fs’(\m,’,ap

'

800 | — -
700 -1 1] (% O
“ X
< A
o 4 O o ,
2% 600 - X M A 0
£ © i Flow Rate (ing/s)
— >
[$) M O A 0 182
¢ 5(XI - A 158
§,§h o 0 g 0 134
17 A [1 O 10
400 - 1 M 87
X 64
4 AS/;!
f
B(X) s vy ,1, PRETIET St i i o i de s BN S 0 B B N g g B i o o 2 i o A e BCHR o
2 4 6 8 10 1?
Power (kW)
f 1 / %
40~ - —- S - B — Z
] - - Fi »/]Ralc (ing/s)
] / 0 182.
38. A 158
A 6 134
k O M
] » & / o 110
% 36+ K87
& 4 ] X o1
B 1 g ® i 54
L b
‘Eﬂ 3+ H i 41 a 44
; x
2 -
30 : S e 8 YTV i ) Yy Ty yYyy l TV R l 1T v 5y ¥ YV OIYT T'"‘ hl T""T‘T‘T’T""I
2 // 4 6 8 10 12
o 7
Power” (kW
0w /( 1 (kW)

u/




</ )y

) /N )
0.100" Const fictor, 0080" gap

40-, -
1 1'low Rate (mmg/s)
[1 182
] A 158
38 0 13
o o ;q o 110
1 ) M 87
& 36~ 0 X o
8] . 154
£ A S . Y
i 34+ L0 . 1 B
J [ I° A Q X
324
)
3() e I S Sanh Shaen § I L B B B R l‘l Y TY v 'l"_"_‘" R A B 1"—""" "_'_-"'T'T SN BN Saeie
300 400 500 600 700 800 LY
Specific Iimpulse (S)
[ e
800
. 4 X
700 - M O
« XA
o @ o
= 600~ oA U
£ Q Flow Rate (ing/s)
23 b{)/\ [1 182
g 500- ) A 158
§ o 1 0 134
(/;" A?l O 110
- M 87
400 i %
4+ 54
3m T vy ' L B S 4 L 7 L S S e | """' R R ¢ r'*r':in"ﬁ "‘Yﬂ'ﬁ' 'I"“V"'"i YT
10 20 30 40 so 60 70 ()

Specific Power (k)/g)

ar /9



of mass flow rates atl power levels rang ing from 4 to
12 kWe. The operating range can be extended to  a
3 kW power levels by decreasing the elect 1 ode gap.
The engine perforinance for specific powers greater
thanabout 35 kJ /g is suflicient for the S'TAI{ mission.
An engine with aconstrictor diammcter of 2.54 mm
(0-200 inches)and anelectrode gap of 2.03 nun (0.080
inches) yielded performance greater thanthat of the
large constrictor engine. 'This design is capable of
matntaining a specific impulse of 650 s over the entire
3 to 10 kW range. Future work will include additional
performance testing, and a cyclic endurance test.
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